PU.1 and GATA-1 are two hematopoietic specific transcription factors that play key roles in development of the myeloid and erythroid lineages, respectively. The two proteins bind to one another and inhibit each other's function in transcriptional activation and promotion of their respective differentiation programs. This mutual antagonism may be an important aspect of lineage commitment decisions. PU.1 can also act as an oncoprotein since deregulated expression of PU.1 in erythroid precursors causes erythroleukemias in mice. Studies of cultured mouse erythroleukemia cell lines indicate that one aspect of PU.1 function in erythroleukemogenesis is its ability to block erythroid differentiation by repressing GATA-1 (N. Rekhtman, F. Radparvar, T. Evans, and A. I. Skoultchi, Genes Dev. 13:1398-1411, 1999). We have investigated the mechanism of PU.1-mediated repression of GATA-1. We report here that PU.1 binds to GATA-1 on DNA. We localized the repression activity of PU.1 to a small acidic N-terminal domain that interacts with the C pocket of pRB, a well-known transcriptional corepressor. Repression of GATA-1 by PU.1 requires pRB, and pRB colocalizes with PU.1 and GATA-1 at repressed GATA-1 target genes. PU.1 and pRB also cooperate to block erythroid differentiation. Our results suggest that one of the mechanisms by which PU.1 antagonizes GATA-1 is by binding to it at GATA-1 target genes and tethering to these sites a corepressor that blocks transcriptional activity and thereby erythroid differentiation.
Recently, much progress has been made in identifying the transcription factors needed for development of specific hematopoietic lineages and, to some extent, their hierarchical relationships (44) . There is evidence that these factors act in a combinatorial manner, in some cases through direct proteinprotein interactions (7, 54) . Such interactions may either stimulate or inhibit transcription factor activity. Accumulating evidence indicates that gene-specific repression of transcription is as important as transcriptional activation in normal development (9) . Thus, extinction of one transcriptional program may be as important as activation of an alternative program for correct developmental decisions. However, inappropriate or untimely transcriptional repression in immature cells is also thought to be the basis for the block to differentiation present in several types of hematologic malignancies (32, 34, 58) .
PU.1 and GATA-1 are two hematopoiesis-specific transcription factors that physically interact and can antagonize each other's transcriptional activity and ability to promote their respective differentiation programs (39, 43, 50, 71) . PU.1 is an Ets family member that is required for the development of myeloid cells and B cells (13, 55) . Enforced expression of PU.1 blocks erythroid differentiation in cultured cells and in embryos (11, 45, 46, 50, 53, 66) , and activation of PU.1 expression through provirus integration in immature erythroid precursor cells is a critical event in generation of Friend virus-induced erythroleukemias in mice (3, 41, 42) . GATA-1 is a zinc finger protein that is essential for red blood cell development (7) .
Expression of GATA-1 in avian multipotential precursor cells or in an early myeloid cell line, 416B, blocks myeloid differentiation (31, 61) . Expression of GATA-1 mRNA has been seen in human myeloid leukemic cells (15) . Taken together, these data indicate that the mutual antagonism exhibited by PU.1 and GATA-1 may be important in processes controlling normal hematopoietic development, as well as during malignant transformation in leukemia.
Both PU.1 and GATA-1 can act as transcriptional activators. Numerous genes that are direct targets of their transcriptional stimulatory activity have been identified in myeloid and lymphoid cells and erythroid cells, respectively. These genes contain sequence-specific binding sites for the respective factor. Both proteins contain regions that are essential for DNA binding: the Ets region in PU.1 and the zinc finger region in GATA-1 (28, 38) . These regions are also involved in the PU.1-GATA-1 interaction (50) . Both proteins also engage in specific interactions with other proteins that enhance their transcriptional activity, including PU.1 with c-Jun in myeloid cells (2) and with PU.1 interacting partner (Pip) in B cells (12) and GATA-1 with Friend of GATA-1 (FOG-1) in erythroid cells (60) . Both proteins also interact with the ubiquitous coactivator CBP (4, 67) . Thus, direct physical interaction of PU.1 and GATA-1 could mediate inhibition of their transcriptional activity at several different levels. Both PU.1 and GATA-1 have been reported to interact with components of transcriptional repression complexes (see Discussion). The formation of a ternary complex of PU.1, GATA-1, and one of these components could also lead to inhibition of transcriptional activity at PU.1 or GATA-1 target genes.
GATA-1 has been reported to inhibit PU.1 function by interfering with PU.1 binding to c-Jun, an important PU.1 co-factor in myeloid cells (71) . On the other hand, PU.1 does not interfere with in vitro binding of GATA-1 to its cofactors FOG-1 or CBP (49) and complexes of GATA-1 with FOG-1 and CBP have been detected in mouse erythroleukemia (MEL) cells (4, 60) that contain high levels of PU.1, which complexes with GATA-1 in the cells and blocks their ability to differentiate (50) . GATA-1 has been reported not to interfere with PU.1 binding to DNA (71) , but others have reported that it does inhibit PU.1 DNA binding (39) . There is also conflicting evidence regarding a role for inhibition of DNA binding in PU.1-mediated repression of GATA-1. PU.1 has been reported to inhibit GATA-1 DNA binding in vitro (39, 72) . A decrease in in vitro GATA-1 DNA-binding activity also was reported in extracts of MEL cells overexpressing PU.1 (65) . However, others did not observe a decrease in GATA-1 DNA binding in such cells (20) , and there are several reports indicating that this activity is not increased in MEL cells when PU.1 levels decline as the cells undergo differentiation (1, 10, 20) . Moreover, in vivo footprinting experiments have shown that GATA-1 binding sites in several erythroid cell-specific promoters are occupied in undifferentiated MEL cells that contain high levels of PU.1 and that occupancy does not change as PU.1 levels decline during differentiation (48, 56) . Chromatin immunoprecipitation (ChIP) experiments also show that GATA-1 is present at erythroid-specific promoters in MEL cells (68) . Thus, although PU.1 may be capable of inhibiting GATA-1 DNA binding in vitro, the mechanism by which it represses GATA-1 transcriptional activity and function in erythroid differentiation in vivo remains to be defined.
We reported previously that, whereas the C-terminal Ets homology region of PU.1 is necessary and sufficient for PU.1 binding to GATA-1 both in vitro and in vivo, the N-terminal region is also needed for repression of GATA-1, as well as for its ability to inhibit erythroid differentiation by PU.1. Based on these observations, we suggested that PU.1 might require a cofactor to help mediate repression of GATA-1 (50) . We report here that an established corepressor, pRB, binds to a small acidic domain in the N-terminal region of PU.1 and that it cooperates with PU.1 in mediating repression of GATA-1 and inhibition of erythroid differentiation.
MATERIALS AND METHODS

ChIP.
A total of 10 7 U2OS cells were plated in 15-cm plates 1 day prior to transfection. Cells were transfected by the Lipofectamine Plus method (Gibco-BRL), harvested after 36 h, and treated with 1% formaldehyde for 30 min at room temperature with gentle shaking. Cell extract preparation and immunoprecipitation were performed as described previously (5) . The antibodies used included 8 l of anti-GATA-1 antibody (N6; Santa Cruz) plus 2 l of anti-rat antibody (Sigma), 15 l of anti-PU.1 antibody (T21; Santa Cruz), 15 l of anti-hemagglutinin (HA) antibody (SC-805; Santa Cruz), 15 l of cyclin E antibody (M-20; Santa Cruz), 5 l of anti-pRB antibody (C-15; Santa Cruz), or 2.5 l of anti-rabbit immunoglobulin G antibody (SC-2027; Santa Cruz). Five to ten percent of the DNA extracted from the immunoprecipitates was used for PCRs. PCR was performed at 55°C for 30 cycles with T3 primer and an ␣D3 primer (CTCTAGAGGATCCCCTGG), yielding a 180-bp DNA product, or for 25 cycles with ATTCCTGCAGGGCCGACCTC and TTCTGCAGGTACCGAGC TCC, which yielded a 110-bp DNA product.
For endogenous ChIP of MEL cell chromatin (clone DS19), preparation of cross-linked chromatin and immunoprecipitation were performed essentially as described elsewhere (57) , with the following modifications. Nuclei from 10 8 MEL cells were resuspended in 4 ml and sonicated (40%, 16 cycles of 30 s, in a dry ice-ethanol cooling bath) with a Branson Sonic Dismembrator model 500 equipped with a microtip to yield 200-to 400-bp DNA fragments. Immunoprecipitations were performed by incubating sheared chromatin (precleared with beads for 2 h) from 2.5 ϫ 10 6 cells overnight at 4°C with 1 g of antibody bound to 8 l of a 1:1 mixture of protein G-and protein A-Sepharose beads. Antibodies used were as described above and also included anti-Rb (G3-245; Pharmingen) and a control antibody, anti-␤-tubulin (ab6161; Novus Biologicals, Inc.). During binding of the antibody to the beads, the samples were also incubated with sonicated salmon sperm DNA (40 g/immunoprecipitation) and bovine serum albumin (400 g/immunoprecipitation). The amounts of each specific DNA fragment in immunoprecipitates were determined relative to the amount of the fragment in input DNA by measuring the difference (d x ) in the CT values of the immunoprecipitated sample and the input DNA. The fold enrichment (FE) was calculated as FE ϭ 2
ϪdCT where dCT
. Use of an antibody to an irrelevant antigen (e.g., ␤-tubulin; see Fig. 3B ) or an isotype control antibody (data not shown) gave FE values of approximately 1. Results similar to those shown in Fig. 3B were also obtained by using either regions of the GAPDH (glyceraldehyde-3-phosphate dehydrogenase) or MyoD promoters as non-GATA-1-binding control sequences instead of the glucose 6-phosphate dehydrogenase (G6PD) promoter. The d
x values for these sites with specific antibodies (against GATA-1, PU.1 or pRB) compared to control antibodies were similar, indicating that these sites were indeed not occupied by GATA-1, PU.1, or pRB.
In vitro protein interaction studies. Preparation of glutathione S-transferase (GST)-fusion proteins and binding assay conditions were as described previously (50) . [ 35 S]methionine-labeled proteins were prepared by coupled transcriptiontranslation reactions in reticulocyte lysates (Promega). Plasmids for GST-pRB and pRB mutant proteins were kindly provided by W. G. Kaelin (25) and A. S. Yee (22) . The plasmids used for in vitro transcription-translation reactions included pGEM-HDAC1, pCMV-NCoR/SMRT, pCDNA-mSin3a, pCDNAmSin3b, pCDNA-RbAp48, and pCDNA-SAP18 (all kindly provided by L. Alland); pGEM-PU.1 (46); PU.1-⌬PEST (50); pBKS-PU.1-⌬DEQ (identical to pBSK-PU.1-⌬TAD in reference 50); and pBSK-PU.1-⌬DE, kindly provided by M. J. Klemsz (mutant NP in reference 27). pGEM-PU.1-⌬Q was constructed by digesting pGEM-PU.1 with PstI and NcoI enzymes, followed by blunt-end selfligation. pBSK-pRB was generated by subcloning a BamHI fragment of pRB, derived from pLitmus-pRB (generously provided by L. Zhu) into BamHI-digested pBSK. pBSK-pRB-C, containing the 550 C-terminal nucleotides of pRB, was provided by T. Evans.
In vivo protein interaction studies. Cells were grown as described previously (46) and transfected by the Lipofectamine Plus or calcium phosphate precipitation methods. Whole-cell extracts were prepared 36 h after transfection as described previously (50) . Expression vectors included pCMV-pRB, encoding the large pocket region of pRB (amino acids 379 to 928), kindly provided by L. Zhu, pCMV-E2F1, a kind gift from R. G. Pestell, and pEBB-PU.1 (46) . For immunoprecipitation of pRB, cell extracts were incubated with 50 l of protein A-Sepharose beads (Pharmacia) and either anti-human pRB antibody XZ55 (15 l; Pharmingen) or anti-human pRB antibody G3-245 (15 l; Pharmingen). For immunoprecipitation of PU.1, 50 l of protein A-Sepharose beads and 15 l of anti-PU.1 antibody (T21, Santa Cruz) were used. Then, 1 mg of MEL cell extract or 400 g of extracts from transiently transfected cells was used for immunoprecipitation.
Reporter assays. Cell lines were cultured as described above, and 1 day prior to transfection 3 ϫ 10 4 cells were plated in each well of 24-well plates. Cells were transfected with 220 ng of DNA, 3 l of Plus reagent, and 2 l of Lipofectamine reagent, as recommended by the manufacturer (Gibco-BRL). The total amount of DNA was maintained at 220 ng/well by adding the appropriate amount of pBluescript vector DNA. Luciferase production was measured after 36 h with the Promega Luciferase Assay system. Trichostatin A (TSA; Waco BioProducts) was added 24 h after transfection, and the luciferase activity was determined 24 h after TSA addition. Plasmids utilized in reporter assays included pCMV-RB (C706F), encoding the large pocket of pRB with a C-to-F substitution in residue 706, kindly provided by L. Zhu. RB-C-pocket and GAL4-E2F1 expression vectors were kindly provided by T. Evans and R. G. Pestell, respectively. GATA-GAL4(DBD), a gift from T. Evans, contains the GAL4 DNA-binding domain (residues 1 to 147) replacing the C finger of chicken GATA-1 in pHY41-2 vector. Reporter plasmids included ␣D3-LUC, ␣D4-LUC (17), and (UAS) 5 E1BTATA-LUC (62) . Values in reporter assays represent the average of at least two independent transfections. Error bars represent the standard error of the mean. All experiments were performed at least twice.
Preparation and analysis of MEL cell stable transfectants. MEL cells (clone DS19) were cultured and transfected with the lipofectin reagent (Gibco-BRL) as described previously (50) . Cells were plated at 10 3 cells/well in 96-well plates and selection with 5 g of puromycin/ml was initiated after 24 h. Puromycin-resistant clones were expanded, and cell extracts were analyzed by immunoblotting. Benzidine staining was performed as described previously (46 fusion protein were created as follows: pRB residues 1932 to 2790 were amplified by PCR with 5Ј primer (5Ј-ATCTACCTCTCTTTCACTGTT-3Ј) and 3Ј primer (5Ј-ACTGCCATGGTCTCTTCCTTGTTTGAGGTATC-3Ј) containing a novel NcoI site encoded in a 5Ј "overhang" (underlined) prior to the termination codon. The PCR-generated fragment was digested with NheI and NcoI and ligated with the BamHI-NheI fragment of pRB, derived from pBSK-RB, and NcoI-BamHI-digested pBSK-PU.1 vector (pBSK-pRB-PU.1⌬N). The pEBBpRB-PU.1⌬N expression construct was created by subcloning a BamHI-NotI fragment derived from pBSK-pRB-PU.1⌬N into the pEBB-puro vector digested with BamHI and NotI. The expression vector encoding the fusion protein, pRB-PU.1⌬N-⌬Ets, was created by digesting the pEBB-pRB-PU.1⌬N vector with KpnI and NotI, followed by blunt-end self-ligation.
Immunoblotting. Western blotting was performed as described previously (50) . Primary antibodies included rat monoclonal anti-GATA-1 antibody N6 (1:500; Santa Cruz); rabbit polyclonal anti-PU.1 antibody T21 (1:300; Santa Cruz); mouse monoclonal anti-HA antibody 12CA5 (1:3500; Boehringer Mannheim); anti-human pRB mouse monoclonal antibody XZ55 (1:500; Pharmingen); anti-human pRB mouse monoclonal antibody XZ91 (1:500; Pharmingen); antihuman pRB mouse monoclonal antibody, which is cross-reactive with mouse pRB, G3-245 (1:500; Pharmingen); anti-E2F1 rabbit polyclonal antibody C-20 (1:300; Santa Cruz); anti-mouse hemoglobin rabbit polyclonal antibody (1:1,000; ICN); and anti-cyclin A rabbit polyclonal antibody C19 (1:500; Santa Cruz). Horseradish peroxidase-conjugated secondary antibodies included anti-mouse antibody (1:5,000; Sigma) and anti-rabbit antibody (1:3,500; Santa Cruz). Horseradish peroxidase activity was detected by using the enhanced chemiluminescence (ECL) system (Amersham).
RESULTS
PU.1 represses GATA-1 transcriptional activity by binding to it on DNA. As mentioned above, PU.1 has been reported to inhibit the in vitro binding of GATA-1 to DNA (39, 72) , but the significance of such inhibition for PU.1-mediated repression of GATA-1 in vivo is unclear. Using electrophoretic mobility shift assays (EMSAs), we also found that PU.1 can inhibit GATA-1 DNA binding in vitro; however, by using a different in vitro assay, DNase I footprinting, we found that inhibition was strongly dependent on PU.1 concentration. Inhibition of the GATA-1 footprint was seen only at very high concentrations of PU.1 (Ͼ20-fold molar excess to GATA-1). At lower concentrations (approximately molar with GATA-1), PU.1 actually altered the GATA-1 generated footprint surrounding the GATA-1 binding site (N. Rekhtman, A. I. Skoultchi, Tianyuan Zhou, and Cheng-Ming Chiang, unpublished results). The latter observation is consistent with the possibility that PU.1 can bind to GATA-1 on DNA.
To determine whether PU.1 can bind to GATA-1 in vivo while it is on DNA, we performed ChIP experiments with a GATA-1-responsive luciferase reporter gene, ␣D3 Luc, driven by an ␣-globin promoter. We showed previously that transactivation of this reporter by GATA-1 is strongly repressed by PU.1 (50) . We transfected the reporter, along with various combinations of expression vectors encoding GATA-1 and HA-tagged full-length PU.1 or mutants of PU.1, and then immunoprecipitated formaldehyde cross-linked chromatin with anti-GATA-1 or anti-HA antisera or an irrelevant antiserum (Fig. 1A) . We found that the ␣-globin promoter sequences coimmunoprecipitated with both GATA-1 and PU.1 (Fig. 1A , lanes 2 and 6). Importantly, the promoter sequences did not coprecipitate with PU.1 unless GATA-1 is also expressed in the cells (lane 9). A second key control was the use of a reporter in which the GATA-1 binding sites in the promoter are mutated (␣D4 Luc). In this case, the promoter sequences did not coimmunoprecipitate with GATA-1 or PU.1 when they were coexpressed (lanes 3 and 7). Very similar results were obtained with an anti-PU.1 antibody (data not shown). Consistent with our earlier findings (50), PU.1 deleted of its Ets domain, which is required for it to bind to GATA-1, cannot bind to GATA-1 on DNA (lane 10). However, PU.1 deleted of its N-terminal domain, which is not required for it to bind to GATA-1 but is required for it to repress GATA-1, can bind to GATA-1 on DNA (lane 11). As shown below, even though this mutant binds to GATA-1 on DNA, it fails to repress transcription because it cannot bind the corepressor FIG. 1. PU.1 binds to GATA-1 on DNA. (A) A total of 10 7 U2OS cells were transfected by the Lipofectamine Plus method (Gibco-BRL) with 12.9 g of DNA consisting of 420 ng of ␣D3-Luc, 2.8 g of pXM-GATA-1, 2.8 g of the indicated pEBB-PU.1-HA expression plasmid, and the required amount of pBSK vector DNA. ChIPs were carried out as described in Materials and Methods with anti-HA, anti-GATA-1, or anti-cyclin E antibodies. The presence of DNA sequences encompassing the GATA-1 site in the ␣D3 promoter (or the mutant GATA-1 site in the ␣D4 promoter) was determined by PCR assays as described in Materials and Methods. The presence of the 180-bp fragment indicates presence of the promoter region in the immunoprecipitate. Lane 1 shows PCR amplification of ␣D3-Luc plasmid DNA. A schematic diagram of the mutant PU.1 proteins used is shown in Fig. 3. (B) U2OS cells were transfected with a UAS-Luc reporter (100 ng) or the ␣D3-Luc reporter (15 ng), and pRSV-GATA-1-GAL4(DBD) (50 and 100 ng), pXM-GATA-1 (50 ng), and 30 ng of pEBB-PU.1 or 30 ng of empty pEBB vector as indicated. Luciferase activity was determined 48 h after transfection. To further investigate whether PU.1 can repress GATA-1-activated transcription without disrupting DNA binding, we utilized a protein in which the C finger region of GATA-1 is replaced by sequences that direct GAL4 DNA binding to upstream activating sequences (UAS). Since PU.1 does not interact with the GAL4 DNA-binding region, PU.1 cannot interfere with binding of the chimera to UAS (data not shown). PU.1 repressed transcriptional activation by the chimeric protein as well as it repressed GATA-1 itself (Fig. 1B) . These experiments further support the view that PU.1 can repress GATA-1-mediated transcriptional activity without interfering with its binding to DNA.
PU.1 and pRB interact in vitro and in vivo and colocalize with GATA-1 at GATA-1 binding sites. The finding that PU.1 can bind to GATA-1 on DNA even without its N-terminal region (Fig. 1A) , but that such binding does not inhibit GATA-1 transcriptional activity (50) , suggested that PU.1 might require a cofactor to cause repression. The N-terminal region of PU.1 was reported previously to bind pRB (16, 29) . Therefore, we tested the in vitro binding of PU.1 to a set of previously identified transcriptional corepressors, including pRB. GST-PU.1 bound pRB with apparent high affinity ( Fig. 2 ; see also Fig. 4) . Weak interactions also were detected with Sin3a and Sin3b ( Fig. 2A) and the pRB-related pocket protein, p107 (data not shown). No interaction was detected with HDAC1, SMRT, RbAp48, or SAP18.
To test whether PU.1 and pRB associate in vivo, we performed coimmunoprecipitation experiments with extracts of 293 cells transfected with expression vectors encoding PU.1 and pRB. PU.1 was readily detected in the anti-pRB immunoprecipitates ( Fig. 2B ; see also Fig. 4 for anti-PU.1 immunoprecipitates). The apparent affinity of PU.1 and pRB was similar to that of pRB and two of its established binding partners, E2F1 (Fig. 2C ) and E1A (data not shown). PU.1-pRB complexes also could be observed in U20S and C33A cells transfected with the expression constructs (data not shown). An association of PU.1 with endogenous pRB in 293 cells also was seen, after prolonged exposures of the anti-PU.1 immunoblots (data not shown).
To determine whether endogenous PU.1 and pRB associate in MEL cells, we analyzed pRB immunoprecipitates for PU.1 by immunoblotting. A complex of PU.1 and pRB was readily detected in MEL cells (Fig. 2D) . pRB is present in both hypoand hyperphosphorylated forms in MEL cells. When GST-PU.1 was exposed to a MEL cell extract, it preferentially bound hypophosphorylated pRB (data not shown).
ChIP experiments presented in the previous section show that PU.1 binds to GATA-1 on a transfected ␣-globin promoter-reporter gene. We used ChIP to determine whether pRB colocalizes with PU.1 and GATA-1 on the ␣-globin promoter. We transfected the reporter, along with various combinations of expression vectors encoding one of the three proteins and then performed ChIP with either anti-RB antiserum or a control antiserum. We found that pRB is present on the promoter only when PU.1 and GATA-1 are also expressed in the cells (Fig. 3A) . Furthermore, binding to the mutated ␣D4 promoter did not occur (Fig. 3A, lane 4) . These results indicate that a GATA-1-PU.1-pRB complex can form at a functional GATA-1 binding site in DNA and that formation of the complete complex is dependent on the presence of GATA-1 and PU.1 and an intact GATA-1 DNA-binding site.
Several studies have suggested that GATA-1 is present at GATA-1 binding sites in undifferentiated MEL cells (1, 10, 20, 48, 56, 68) . Recently, ChIP experiments demonstrated that GATA-1 strongly localizes near the single GATA-1 binding site in the DNase I hypersensitive site-2 (HS2) in the ␤-globin locus control region in differentiated MEL cells (23) . We used ChIP to determine whether PU.1 and pRB are present along with GATA-1 near HS2 in undifferentiated MEL cells. The amounts of the HS2 DNA fragment in immunoprecipitated chromatin were compared by quantitative PCR to that of the G6PD gene promoter that does not contain known GATA-1 binding sites and an enrichment factor was calculated. The Ey embryonic globin gene promoter that is inactive in MEL cells was used as a negative control. As shown in Fig. 3B , GATA-1 occupies the HS2 region in MEL cells. ChIP with anti-PU.1 and anti-pRB antibodies show that PU.1 and pRB also occupy the same region. None of the three proteins were found to occupy the Ey promoter region. These results show that PU.1 and pRB colocalize with GATA-1 at an endogenous GATA-1 target site in undifferentiated MEL cells in which PU.1 functions to inhibit GATA-1 and block erythroid differentiation.
Interaction of PU.1 and pRB is mediated by the acidic subdomain of PU.1 and the C pocket of pRB. To define regions within PU.1 and pRB that are required for their interaction, we tested a set of deletion mutants of each protein for their abilities to interact in vitro. The defined functional domains of PU.1 include an N-terminal region that is needed for transcriptional transactivation. This region includes acidic and glutamine-rich subdomains (Fig. 4D) , both of which participate in transactivation. There is also a central region rich in proline, glutamic acid, serine, and threonine (PEST) residues and a C-terminal Ets homology region that binds DNA and also GATA-1. We found that the acidic subdomain within the Nterminal region of PU.1 was specifically required for binding to GST-pRB in vitro (Fig. 4A) . The requirement for this subdomain for binding to pRB was also observed in vivo (Fig. 4C) .
PU.1 is a member of the Ets family of transcription factors that share homology in the Ets region responsible for DNA binding. However, these proteins diverge significantly in other regions. The PU.1 Ets region is most closely related to that of Spi-B, a B-cell-specific factor (47) . Fli-1 is another member of the family that, like PU.1, is involved in certain virus-induced erythroleukemias (3) . pRB interacted selectively with PU.1 (Fig. 4B) , a finding consistent with the localization of binding to the PU.1 acidic subdomain and the divergence of the three proteins in their N-terminal regions.
The domains of pRB include an important C-terminal region consisting of the so-called A, B, and C domains (30) . Many pRB-interacting proteins bind within this region, and most of these interactions depend on the so-called A/B pocket. To identify the region within pRB mediating interaction with PU.1, we tested a panel of GST-pRB mutants for binding to PU.1. As a control we also tested binding of the same pRB mutants to E1A, a highly studied pRB interacting protein. Deletion or disruption of the structure of the A/B pocket, e.g., VOL. 23, 2003 PU.1 AND pRB REPRESS GATA-1 AND BLOCK DIFFERENTIATION 7463 by mutation at pRB residue 706, causes a loss of E1A binding (24, 25) . We found that such mutations did not affect PU.1 binding to pRB. On the other hand, deletion of the pRB C domain caused a nearly complete loss of PU.1 binding (Fig. 5A  and B) . Furthermore, the pRB C domain bound to GST-PU.1 as well as the full-length protein pRB (Fig. 5C) . Thus, the C domain of pRB is both necessary and sufficient for interaction with PU.1. The results of studies with mutant pRbs16 suggest that the PU.1 binding region lies between residues 775 and 829 in pRB.
The pRB-binding, acidic subdomain of PU.1 is required for repression of GATA-1 and inhibition of erythroid differentiation. Having established that the acidic subdomain of PU.1 is required for it to bind pRB, a known transcriptional corepressor, we next sought to determine whether this region is required for PU.1 to repress GATA-1 transcriptional activity. The ability of various PU.1 deletion mutants to repress GATA-1-stimulated transcription of the ␣D3 Luc reporter was tested by cotransfection experiments (Fig. 6A) . As reported previously, deletion of the Ets region reduced PU.1-mediated re- pression of GATA-1 because this region is required for binding to GATA-1. Deletion of the PEST region had no effect on repression. Deletion of either residues 34 to 99 or the acidic subdomain, residues 34 to 73 (Fig. 4D ), eliminated repression (Fig. 6A) . Importantly, deletion of the glutamine-rich subdomain adjacent to the acidic region had no effect on repression. Thus, the acidic subdomain of PU.1 is required both for binding pRB and for repression of GATA-1. PU.1 is also able to block erythroid differentiation. We have presented evidence that this activity is very likely due at least in part to its ability to repress GATA-1 (50). We have described previously an assay for the activity of PU.1 in blocking erythroid differentiation based on its ability to inhibit chemically induced differentiation of MEL cells (46) . Treatment of MEL cells with agents such as dimethyl sulfoxide (DMSO) leads to a decline in endogenous PU.1 levels, permitting the cells to reenter their differentiation program, culminating in the accumulation of hemoglobin. In MEL cells that have been stably transfected with an expression vector encoding PU.1, however, such treatment does not lead to reduction in exogenous PU. 1   FIG. 3 . PU.1 and pRB colocalize with GATA-1 at GATA-1 binding sites in chromatin. (A) U2OS cells were transfected as described in the legend to Fig. 1A , and ChIP was carried out as described in Materials and Methods with anti-pRB antibody or an anti-rabbit immunoglobulin G antibody that has the same isotype (Control Ab). PCR assays were performed as described in Materials and Methods with specific primers that differ from the primers used in Fig. 1A ; here the presence of the 110-bp fragment indicates the presence of the ␣D3 promoter region in the immunoprecipitate. Lane 6 shows PCR amplification of ␣D3-Luc plasmid DNA with the primers. (B) ChIP was performed on cross-linked chromatin from MEL cells as described in Materials and Methods with antibodies to GATA-1, PU.1, and pRB (RB) and with ␤-tubulin (Mock). The amounts of specific promoter DNA fragments relative to G6PD DNA in duplicate immunoprecipitates were quantitated by real-time PCRs, and the degree of enrichment of the promoter fragments was calculated. Error bars indicate the standard deviation. Panels on the right show the dissociation curves of the set of amplified DNA fragments for HS2 (T m ϭ 85°C), G6PD (T m ϭ 78.5°C), and Ey (T m ϭ 82°C).
VOL. 23, 2003 PU.1 AND pRB REPRESS GATA-1 AND BLOCK DIFFERENTIATION 7465 levels, and hence the cells are inhibited from differentiating. We tested the ability of various deletion mutants of PU.1 to inhibit MEL cell differentiation by generating MEL cell lines expressing HA epitope-tagged wild-type and mutant PU.1 proteins. Transfectants expressing amounts of the mutant proteins at levels similar to or greater than previously characterized wild-type PU.1 transfectants were identified by immunoblotting with an anti-HA antibody (Fig. 6B) . The transfectants were then tested for their ability to undergo DMSO-induced differentiation as measured by the production of hemoglobinized cells by staining with benzidine reagent (Fig. 6B ) and by production of hemoglobin by Western blotting (Fig. 6C) . As reported previously, transfectants expressing exogenous, wildtype PU.1 at appropriate levels (approximately equal to endogenous PU.1) (46, 50) , are nearly completely blocked from differentiating, whereas transfectants expressing a PU.1 mutant deleted of residues 34 to 99 differentiate well (Fig. 6B and  C) . Deletion of the glutamine-rich subdomain had little or no effect on the ability of PU.1 to block differentiation. However, the PU.1 mutant deleted of the acidic subdomain was unable to inhibit differentiation, despite being expressed at consistently higher levels than wild-type PU.1 or other mutant PU.1 proteins (Fig. 6B and C) . Thus, the PU.1 acidic subdomain required for pRB binding and repression of GATA-1 is also required for blocking erythroid differentiation. pRB is required for PU.1-mediated repression of GATA-1 and inhibition of erythroid differentiation. The foregoing results indicate that the PU.1 acidic subdomain is required for pRB binding, as well as for PU.1-mediated repression of GATA-1 and inhibition of erythroid differentiation. To test whether pRB is actually required for repression of GATA-1 by PU.1, we performed reporter assays in pRB-null SAOS2 osteosarcoma cells. We found that PU.1 was unable to repress GATA-1-stimulated transcription in SAOS2 cells (Fig. 7A) , whereas it can repress GATA-1 in the related, pRB-positive osteosarcoma cells, U2OS (Fig. 6A) . Expression of pRB along with PU.1 in SAOS2 cells restored its ability to repress GATA-1. Importantly, pRB did not affect GATA-1 stimulated transcription in the absence of PU.1 (Fig. 7A) . PU.1 also was unable to repress GATA-1 in pRB-null C33A cells and repression was restored by expression of pRB (data not shown).
Repression also was not observed in 293 cells, in which pRB is inactivated by the adenovirus E1A protein. We conclude that PU.1-mediated repression of GATA-1 requires participation of pRB.
Since the pRB C domain is both necessary and sufficient for interaction with PU.1 (Fig. 5) , we sought to determine whether it is sufficient for PU.1-mediated repression of GATA-1. We observed very little repression with the C domain fragment (Fig. 7A) , suggesting that other regions of pRB are needed for repression. Consistent with this view, we also observed very little repression with the C706F mutant of pRB (Fig. 7A) , which disrupts the structure of the A/B pocket but does not affect pRB binding to PU.1. Histone deacetylases (HDACs) have been implicated in some instances of pRB-mediated repression (6, 35, 37) , but HDAC-independent mechanisms also have been documented (35, 40, 52) . We found that TSA, a specific chemical inhibitor of some HDACs, did not reverse PU.1-mediated repression of GATA-1 in SAOS2 cells (Fig. 7B ), U2OS cells (Fig. 6D) , and HeLa cells (data not shown). TSA did reverse pRB-mediated repression of E2F1 in SAOS2 cells (Fig. 7C) , as previously reported (37) . Therefore, repression of GATA-1-dependent transactivation of the ␣-globin promoter by PU.1 and pRB appears to be independent of HDAC activity in three cell lines.
As discussed above, in addition to repressing GATA-1 transcriptional activity, PU.1 also can inhibit differentiation of MEL cells. To test whether this function of PU.1 is also dependent on pRB, we took advantage of our finding that deletion of the PU.1 N-terminal region, to which pRB binds, de- stroys PU.1 activity in both repression and inhibition of differentiation. Therefore, we sought to determine whether fusing pRB to the deleted PU.1 protein would restore its activity. We generated an expression vector (pRB-PU.1⌬N) in which the complete pRB coding sequence was placed upstream of PU.1 coding sequences specifying residues 100 to 272, which were followed by sequences encoding the HA epitope tag (Fig.  8A) . As a control, we also constructed a vector (pRB-PU.1⌬N-⌬Ets) encoding a chimeric pRB-PU.1 protein also lacking a portion of the PU.1 Ets region that is required for binding PU.1 to GATA-1 (Fig. 8A) . Fusion proteins of the expected sizes were produced upon transfection of these expression constructs (Fig. 8C) . We first tested the activity of the pRB-PU.1 fusion proteins for their ability to repress GATA-1. Fusion of pRB to PU.1 deleted of its N-terminal region restored its ability to inhibit GATA-1 (Fig. 8B) . As expected, restoration of activity by fusion with pRB requires an intact Ets region because this region is needed for binding the fusion protein to GATA-1. These observations provide additional support for the view that PU.1 represses GATA-1 by binding to and tethering pRB to GATA-1.
To determine whether fusion of pRB to the N-terminal deleted PU.1 restored its ability to inhibit differentiation, we generated stable MEL cell lines expressing the pRB-PU.1⌬N fusion protein. We screened for expression by immunoblotting and selected several clones with the highest levels of the fusion protein.
Immunoblotting showed that the levels of the fusion protein in these clones were lower than endogenous pRB (Fig.  9A ) and also lower than the levels of exogenous full-length PU.1-HA produced in most transfectants that are blocked from differentiating (e.g., clone 6-8 in Fig. 6B ) (data not shown). Despite the reduced expression levels of the fusion protein in these clones, they were inhibited from differentiating, compared to MEL cells or transfectants expressing PU.1 deleted of its pRB binding domain (Fig. 9B and C) . However, as judged by benzidine staining, a sensitive indicator of hemoglobin levels in cells, the block to erythroid differentiation imposed by the pRB-PU.1 fusion protein is not as strong as that achieved with full-length PU.1. After 5 days of DMSO treatment some of the clones produced significant numbers of benzidine-positive cells, although hemoglobin levels in the cells were still quite low as measured by immunoblotting (Fig. 9C) . The difference between the two types of clones may be attributable to the lower expression levels of the fusion protein in MEL cell transfectants or to the possible involvement of other corepressors or other functions of PU.1 that are not carried out by the pRB-PU.1⌬N fusion protein (see Discussion).
DISCUSSION
Previous work from several laboratories has indicated that a mutual antagonism between PU.1 and GATA-1 can affect lineage-specific differentiation decisions during hematopoietic development (39, 43, 50, 72) . Moreover, the ability of PU.1 to inhibit GATA-1 is central to the block to differentiation in cultured erythroleukemic cells and is likely to contribute strongly to the development of erythroleukemia in Friend leukemia virus-infected mice. The results reported here suggest a mechanism by which PU.1 antagonizes the action of GATA-1. By binding directly to GATA-1 on DNA, PU.1 tethers to it an established transcriptional corepressor, pRB, thereby blocking GATA-1-mediated transcriptional activation and its ability to promote erythroid differentiation (Fig. 10) . Evidence supporting this model consists of the following observations. (i) ChIP The model proposed here for PU.1 inhibition of GATA-1 function does not exclude contributions from other mechanisms that have been proposed. For example, PU.1 has been proposed to inhibit GATA-1 function by blocking GATA-1 binding to DNA (39, 72) . The evidence in favor of this mechanism is derived exclusively from studies by using in vitro EMSAs. It is possible that at very high concentrations of PU.1, GATA-1 binding to DNA is inhibited. However, we found that both PU.1 and GATA-1 can be readily detected on a GATA-1 target gene in cells in which GATA-1 transcriptional activity is repressed by PU.1. Moreover, we also found that PU.1 can repress activity of a GAL4-GATA-1 fusion protein that does not depend on the GATA-1 DNA-binding domain for transcriptional activity. In addition, several studies have suggested that GATA-1 is present at erythroid-specific promoters in un- differentiated mouse erythroleukemia cells (1, 10, 20, 48, 56, 68) . Since these cells underwent malignant transformation and acquired a block to differentiation due to deregulated expression of PU.1, very likely they have much higher levels of PU.1 than normal erythroid-myeloid precursors in which PU.1 and GATA-1 may be coexpressed. Thus, the physiological relevance of PU.1 inhibition of GATA-1 DNA binding remains to be determined. PU.1 also has been demonstrated to inhibit protein acetylation carried out by the acetyltransferase (AT) coactivator CBP. CBP can serve as a coactivator with GATA-1, and PU.1 inhibits CBP-mediated acetylation of GATA-1 (20) . It has been suggested that such inhibition might contribute to the PU.1-mediated block to differentiation in MEL cells. However, a PU.1 deletion mutant lacking the N-terminal region (residues 33 to 100), including the acidic subdomain, retained substantial activity for inhibiting CBP-mediated protein acetylation. Because this mutant is completely inactive in repressing GATA-1 and in blocking erythroid differentiation, further studies are needed to assess the role of PU.1-mediated inhibition of CBP AT activity in these processes. Nevertheless, partial loss of inhibitory activity against the CBP AT might help to explain why we found that the pRB-PU.1⌬N fusion protein has reduced activity in blocking MEL cell differentiation compared to intact, full-length PU.1.
We found that PU.1 also can interact in vitro with several other corepressors, including Sin3a and Sin3b and p107. These interactions appeared to be much weaker than that of PU.1 and pRB. PU.1 was reported previously to interact directly with Sin3a and thereby indirectly with HDAC1 and to cause repression of several promoters (26) . However, a PU.1 deletion mutant lacking residues 1 to 100 was also found to interact with Sin3a. Since this mutant is inactive in repressing GATA-1 and inhibiting erythroid differentiation, it seems unlikely that Sin3a plays an important role in these processes. In addition, since PU.1 was unable to repress GATA-1 in SAOS2 and C33A cells that contain p107, and since pRB was able to fully restore repression, it is less likely that p107 plays a role in the PU.1-mediated block to erythroid differentiation. In contrast to PU.1 levels that decline within 1 to 2 days after chemical induction of MEL differentiation is initiated, the level of p107 actually rises significantly during this period (data not shown), further suggesting that p107 may not have a role in the PU.1-mediated block to differentiation in these cells.
Extensive studies indicate that pRB plays a major role in the control of cell proliferation. pRB is thought to inhibit the cell cycle by negatively regulating E2F transcription factors that stimulate the expression of genes required for cell cycle progression (18) . pRB has been shown to mediate transcriptional repression by recruiting to promoters several different types of chromatin remodeling activities, including enzymes that catalyze posttranslational modifications of histones, specifically histone deacetylases and histone methyltransferase, as well as complexes that alter the structure of nucleosomes (6, 35, 37, 51, 69, 70) . We found that PU.1-mediated repression of GATA-1 was not reversed by TSA, suggesting that HDACs may not be involved. Several other instances of HDAC-independent pRB-mediated repression have been described (35, 40, 52) . Of particular interest in the current context is the finding that pRB can interact with the corepressor CtBP and its interacting protein CtIP, which together can repress transcription in an HDAC-independent manner (40) . CtBP has been reported to interact with a large number of vertebrate transcription factors (8) , among them FOG-1 and FOG-2 that also interact with GATA factors. Thus, CtBP is an interesting candidate for involvement in HDAC-independent, PU.1-pRBmediated repression of GATA-1. Interaction of FOG-1 and FOG-2 with CtBP has been reported to lead to repression of GATA-1 transcriptional activity (14, 19) .
We have demonstrated that pRB interacts with a region of PU.1 required for repression of GATA-1 and for blocking erythroid differentiation and that pRB is involved in these processes. The involvement of pRB, which is both a key cell cycle inhibitor and transcriptional corepressor, suggests a dual mechanism for the PU.1-mediated inhibition of erythroid differentiation. On one hand, recruitment of pRB by PU.1 to GATA-1 target genes results in their repression. In addition, by sequestering a cell cycle inhibitor, PU.1 may also promote cell proliferation and tumorigenicity. Furthermore, pRB has also been shown to have differentiation-promoting functions (33) , although in most instances its mechanism of action is not known. In at least one instance, however, pRB appears to function as a transcriptional coactivator by interacting with the CBFA1 transcription factor to promote osteoblast differentiation (59) . pRB also is required for erythropoiesis during embryonic development. However, experiments with Rb Ϫ/Ϫ : Rb ϩ/ϩ chimeric mice indicate that the principal function of pRB in erythropoiesis is not cell autonomous (36, 64) . Nevertheless, certain aspects of erythropoiesis in such mice appear abnormal (21) , and these observations have led to the suggestion that pRB may have a cell autonomous role in maturation of developing erythroblasts (63) . If this is the case, then interaction of PU.1 with pRB might also affect its role in promoting the late stages of erythroid differentiation. The system described here may allow further insights into this important topic.
